ion legs control directionality and curvature of the clathrin lattice. In addition, the hub sequences involved in light chain binding and clathrin self-assembly were localized by deletion mutagenesis, and the sequence mediating trimerization was mapped and shown to function independently. This work identifies and maps a number of molecular features of the clathrin triskelion that control clathrin self-assembly and establishes a recombinant system that makes further mutagenesis and crystallization studies possible.
Results

Bacterially Expressed Triskelion
Hubs Trimerize and Bind Light Chains The hub of the clathrin triskelion was defined previously as extending from residue 1074 to the C-terminus of the heavy chain (residue 1675) based on dominant cleavage sites for trypsin and chymotrypsin at residues 1074 and 1073, respectively (Nathke et al., 1992) , suggesting the limit of a stably folded domain. As most structural information was available for the bovine clathrin protein, this was the species of choice to attempt expression of the hub fragment. It was therefore necessary to isolate and determine the sequence of cDNA encoding the bovine clathrin heavy chain. This was achieved by isolation of partial cDNA clones from bovine retina (Nathans and Hogness, 1983) and bovine lymphocyte (Ennis et al., 1988) libraries and by cloning intervening and flanking sequences from bovine epithelial cell RNA using the reverse transcriptase polymerase chain reaction (RT-PCR). The translated bovine clathrin heavy chain sequence (1675 residues) was 99.7% identical to that determined for rat clathrin (five residues different) and 99.9% identical to human (one residue different). Specific residues of difference are listed in Table 1 , which compares clathrin heavy chains from all species that have been analyzed.
From the isolated cDNAs, nucleotides encoding heavy chain residues 1074-l 675 were cloned into the pET15b expression vector, providing a polyhistidine tag at the N-terminus of the fragment. Following expression in Escherichia coli, the hub fragment was purified by sequential chromatography using Ni2+ affinity resin and size exclusion, yielding approximately 10 mg of expressed protein per liter of bacterial culture. The purified hub formed a trimer of 68 kDa fragments, as indicated by its comigration with catalase (232 kDa) on a size exclusion column ( Figure  1) and by cross-linking experiments (data not shown). The electrophoretic behavior of the hub fragment was consistent with its molecular mass as calculated from the protein sequence, indicating that sequences causing aberrant electrophoretic migration of the rat clathrin heavy chain (Kirchhausen et al., 1987a) were absent from this fragment.
To determine whether the heavy chain hub fragment could associate with clathrin light chains during synthesis in bacteria, we cloned cDNA encoding neuronal bovine LCb (Jackson et al., 1987) into the pET15b plasmid, in tandem with the hub fragment, to be expressed from the same promoter. Coexpressed LCb associated with the trimerized hub and comigrated on a size exclusion column (Figures 1 B-l D) . The stoichiometry of the hub-LCb complex formed by coexpression was determined following purification using Ni*+ affinity resin to bind the polyhistidine tag on the heavy chain fragment. For two separate hub preparations, the molar ratio of LCb to heavy chain fragment was found to be 1:3 and 3:4, indicating that the light chain-binding sites were not fully occupied during coexpression or that hubs may lose associated LCb during purification. It was possible to saturate the light chainbinding sites of the hub-LCb complexes by adding an excess of purified LCb following complex purification (data not shown).
The trimeric nature of the hub coexpressed with LCb was confirmed by electron microscopy ( Figure 2 ). Platinum shadowing revealed a morphology with linear dimensions similar to the center of a clathrin triskelion. The legs of the hubs were apparently thinner than the legs of a whole triskelion, which could be a function of the angle at which these molecules sit on the mica surface used for with LCb (rows 1 and 3) or clathrin triskelions purified from bovine brain-coated vesicles (rows 2 and 4). Images of both hubs and triskelions were photographed at 43,000x and enlarged to the same magnification, so the dimensions are directly comparable. Note that the morphology of each hub approximates the morphology and size of the hub region of the whole triskelion directly below it, but the legs appear thinner. Bar is 50 nm for all four rows. hub fragments coexpressed with LCb were dialyzed overnight against assembly buffer (100 mM MES [pH 6.51, 0.5 mM MgCI,, 1 mM EGTA, 0.2 mM dithiothreitol, 3 mM CaClJ and compared with purified bovine brain clathrin assembled under the same conditions. Panels 1 and 2 are the assembled hubs, and panels 3-6 are assembled clathrin triskelions, visualized by electron microscopy following staining with uranyl acetate. Samples were photographed at 43,000~.
Self-Assembly of Hub Fragments with or without Light Chains
Bar is 50 nm and refers to panels l-6. (B) Purified recombinant hub fragments expressed alone (1 and 3) or coexpressed with LCb (2 and 4) were assembled for 5 min following addition of one-tenth volume of 1 M MES, 10 mM EGTA (pH 6.7) and then applied to coated electron microscopy grids and stained with uranyl acetate. Bovine brain clathrin (5-7) was dialyzed overnight against assembly buffer (see [A] ) and visualized by electron microscopy after uranyl acetate staining. Samples were photographed at 70,000 x Bar is 50 nm and refers to panels l-7. Figure 5 . b The trimerization state of each purified recombinant hub fragment expressed with a polyhistidine tag at the N-terminus or as fusion protein was assayed by analytical size exclusion chromatography, as shown in Figure 6 . The peak fraction for trimeric hub fragments was fraction 13 for his-tagged constructs and fraction 15 for MBP constructs, and the peak fraction for monomeric fragments was fraction 17 or 18 for his-tagged constructs and fraction 18 for MBP constructs. Plus indicates the peak fraction for the construct was at the trimer position. Plus over minus indicates the construct peaked at the trimer position, but spread to lighter fractions up to the monomer position. Minus over plus indicates the construct peaked at the monomer position, but tailed into heavier fractions down to the trimer position. Double plus over minus was observed only for MBP-1521-1589, which peaked between the monomer and trimer positions, but was aggregated into larger multimers, as well as spreading toward the monomer position. ' Assayed for binding of MAbs X22, X19, and X35 by ELISA. Plus indicates binding. Plus over minus indicates reduced binding relative to reactivity with the intact hub fragment.
ND indicates not determined. d Assayed for antibody reactivity by binding of antibody to recombinant protein prebound to Ni*+ affinity resin.
lates with the lack of effect of X22 on light chain binding or clathrin assembly (Blank and Brodsky, 1986) .
A Transferable Trimerization Domain in the Clathrin Hub Deletion mutants of the hub were expressed in bacteria and purified from the soluble fraction of E. coli lysate using Ni*+ affinity resin. The eluted hub fragments were analyzed by size exclusion chromatography to determine whether they were trimerized ( Figure  6 ; Table 2 Recombinant hub fragments with the sequences indicated were expressed in bacteria and affinity purified. Each fragment (10 ug) was rebound to 20 ul of NP+ affinity resin and then incubated with a mixture of bovine brain LCa and LCb. The affinity resin with bound proteins (8) was separated from unbound (UB) proteins, and both fractions were analyzed for the presence of light chains by SDS-PAGE, followed by immunoblotting with MAb CON.1, which reacts with both LCa and LCb, migrating as a doublet at 36 and 34 kDa, respectively.
The migration positions of SDS-PAGE marker proteins are shown on the left and right for each set of four samples. The four samples on the right were analyzed by SDS-PAGE with 11% polyacrylamide instead of the standard 10%. (6) suggests some proteolysis has occurred that causes the smaller species to behave more like a monomer, while the doublet in (D) results from aberrant electrophoretic migration, which is observed occasionally when the C-terminal residues of the clathrin heavy chain are present.
to be trimeric (180 kDa) by size exclusion chromatography ( Figure 6 ). Truncation of the clathrin heavy chain sequence attached to MBP demonstrated that MBP with clathrin residues 1550-1675 was the shortest construct to migrate as a trimer. In conjunction with the hub deletion data, this result maps the trimerization domain between residues 1550 and 164 5 and shows that it functions independently of the light chain-binding region ( Figure 6 ; Table 2 ).
It is of interest to note that construct MBP-1521-1589 uniquely displayed a tendency to form multimers larger than trimers, although its peak fraction was between the monomer and trimer positions (Figure 6 ). This result suggests that flanking residues may influence the valency of multimerization.
Analysis of the 1521-1589 fragment by cross-linking indicated a dominant dimer fraction, as well as larger multimers (cross-linking data not shown). Crosslinking either the 1074-1675 hub fragment or the MBP-1533-1675 construct, both of which migrated as trimers on the sizing column, yielded bands corresponding to trimers as the largest form of multimer detectable.
Discussion
Heterologous expression in bacteria of the bovine clathrin hub fragment (heavy chain residues 1074-1675) has defined structural and functional features of the clathrin triskelion. The hub fragment trimerizes, binds clathrin light chains, and, in electron micrographs, resembles the corresponding domain in the whole triskelion, extending from the central vertex to the bend in the leg. Deletion mutagenesis of the hub fragment has mapped domains responsible for the hub properties. In addition, studies of the hub selfassembly reaction, which resembles that of whole clathrin, have revealed new roles for the light chains and the distal portions of the triskelion legs in regulation of clathrin assembly.
Mapping Functional
Regions of Clathrin and Folding Predictions A model for clathrin folding ( Figure 7A ) incorporating data from studies of the recombinant hubs and data from previous studies (NBthke et al., 1992) orients the functional subdomains within the hub region of the triskelion ( Figure  76 ). The region mediating trimerization was mapped between residue 1550 and the C-terminus and induces trimerization of MBP when expressed at the C-terminus. Combined results of expression and proteolysis experiments suggest that the minimal trimerized sequence for the bovine clathrin heavy chain is between residues 1550 and 1589, with C-terminal flanking residues up to a boundary of 1615 required for stabilization during folding. The molecular mass estimated for proteolytic fragments of clathrin that behaved as trimers (1074-l 587) or monomers (1074-1481) and for which the N-terminal residues were known suggested that 1587 was the C-terminal limit to maintain trimerization.
However, the recombinant hub fragments required residues between 1608 and 1615 to fold into stable trimers. The discrepancy between the expression and proteolysis data is most likely explained by folding requirements. Domain mapping by proteolysis involves removing a fragment from the whole triskelion, which had already folded into its final structure with the benefit of stabilizing regions present in the entire sequence. Domain mapping by deletion mutagenesis requires the domain to fold in the absence of potential stabilizing sequences, which may make it less stable, as reported for a mutant yeast clathrin heavy chain truncated at the equivalent of residue 1589 (Lemmon et al., 1991) . At this point, it is unclear what the structural basis for trimerization might be. Secondary structure predictions (Chou and Fasman, 1978; Gamier et al., 1978 ) suggest a primarily a-helical conformation for the trimerized sequence (1550-l 589) in clathrin heavy chains of all species (Table 1) and an a helix for the stabilizing region (1590-1615) of mammalian, Drosophila, and nematode clathrin. One possible structure implied by these data is a "but- is based on the properties of the recombinant hub fragments described in this manuscript and the properties of proteolytic fragments of clathrin triskelions described in previous studies from this laboratory (Nlthke et al., 1992) . The domain responsible for trimerization is mapped within residues 1550-l 615. Previous proteolysis studies indicated that residues 1438-1481 (darkly stippled region) are part ofapredicted coiled-coil domain (shown by the white and then dotted coil from and are required for light chain binding. Studies presented here indicate that sequences within the flanking residues 1513-1522 and 1213-1313 (lightly stippled regions) are required for this domain to fold properly and may, along with intermediate sequences, also constitute part of the light chain-binding site. This correlates with the previous prediction that the heavy chain folds back on itself. The predicted coiled-coil domains of the clathrin light chains that bind to the heavy chain are indicated by the solid line with two coils. The C-terminus of the light chain (C in arrowhead) has been shown by antibody mapping to be localized to the triskelion vertex (Kirchhausen et al., 1983; Kirchhausen and Toyoda, 1993) . Structure predictions, as well as antibody blocking data, suggest the N-terminus (N in arrowhead) of the heavy chain-binding domain of the light chain is also oriented toward the triskelion vertex, but antibody mapping studies using epitope-tagged light chains have challenged this model (Kirchhausen and Toyoda, 1993) . The binding sites of MAbs X35 and X19, which interact with the light chain-binding region, as well as X22, are located according to their physical distance from the triskelion vertex (Nlthke et al., 1992) tressed" trimeric helix, as seen in the crystal structure of hemagglutinin and suggested for the heat shock factor trimerization domain (Carr and Kim, 1993; Peteranderl and Nelson, 1992 Jackson et al., 1987; Kirchhausen et al., 1987b (Chou and Fasman, 1978; Garnier et al., 1978 University (Dodge et al., 1991) and the American Type Culture Collection (#85067) (Adams et al., 1993) were used to isolate cDNA clones for residues 138-393 and 393-865 (numbering based on the rat clathrin heavy chain sequence) from a bovine lymphocytehgtl0 library (Enniset al., 1988) and clonesfor residues 865-1315 and 1413-3' untranslated region from a bovine retina hgti0 library (Nathans and Hogness, 1983) . Remaining sequences were determined by RT-PCR using total RNA (Chomczynski and Sacchi, 1987 ) from Madin-Darby bovine kidney cells. Multiple RT-PCR clones (residues 1-321, l-393, 71-321, 1315-1413, and 991-1413) were analyzed. DNA sequencing for the coding region was performed on both strands using the dideoxy method (Sanger et al., 1977) .
Plasmid Construction DNA corresponding to hub residues 1074-1675 was subcloned from cDNA and RT-PCR clones into the pET15b plasmid (Novagen) using Xhol and BamHl restriction sites, providing the expressed protein with an N-terminal polyhistidine tag. cDNA for neuronal LCb (Jackson et al., 1987) , obtained from P. Parham of Stanford University, was cloned into the pET15b vector using Ncol-Xhol to express LCb with no polyhistidine tag. Neuronal LCb cDNA was inserted upstream of the hub sequence in pET15b for coexpression by the T7 promoter. Deletion mutants were generated by PCR, introducing a stop codon at the desired position. Selected clathrin heavy chain C-terminal sequences were amplified by PCR and cloned into the pMALc2 vector (New England Biolabs), producing fusion proteins with MBP located at the N-terminus.
Recombinant
Protein Purification Polyhistidine-tagged clathrin heavy chain fragments were produced in BL21(DE3) bacteria (Novagen) by induction with 0.8 mM isopropyl+-o-thiogalactopyranoside (IPTG) for 3 hrat 30%. Proteins were purified from bacterial lysate in binding buffer (50 mM Tris-HCI [pH 7.91, 0.5 M NaCI, 5 mM imidazole) using Ni*+ affinity resin and eluted with either binding buffer plus 245 mM imidazole or 100 mM ethyldiethyl tetraacetic acid (EDTA) and then were dialyzed against 50 mM Tris-HCI (pH 7.9). Hub and hub-LCb were further purified by size exclusion chromatography (Superose 6 column, 2.6 x 70 cm; Pharmacia LKB Biotechnology Incorporated).
To calculate the ratio of LCb bound to hubs, we determined the concentration of purified hub-LCb by Bradford protein assay (Bio-Rad).
Then, the heavy chain fragment was removed by heat denaturation and centrifugation (Lisanti et al., 1982; Brodsky et al., 1983) , and the concentration of LCb was determined from the supernatant.
MBP fusion proteins were produced in DH5a bacteria(GIBC0 BRL) by induction with 0.4 mM IPTG for 3 hr at 30%. Proteins were purified from bacterial lysate in one-tenth culture volume of column buffer (10 mM NaP04 [pH 7.21, 0.5 M NaCI, 1 mM ethylene glycol-bis@amino ethyl ether) N, N, N', N'-tetra-acetic acid [EGTA], 10 mM 8-mercaptoethanol, 1 mM NaN3) using amylose affinity resin (New England Biolabs) and eluted with column buffer plus 10 mM maltose. Purified control MBP was obtained from New England Biolabs.
